We present a comprehensive major and trace element and Sr-Nd-Pb isotope dataset from the major volcanic units exposed on La Palma and show how geochemical and volcanic evolution can be linked to asthenospheric and lithospheric processes. Lavas from the northern shield (from Basal Complex to Taburiente to Bejenado volcanism, 3-4 Ma to 400 ka) become more alkalic and SiO 2 -undersaturated with decreasing age, but show little change in MgO-normalized trace element compositions. Their high (Nb,Ta)/U and Ba/Th but low La/Nb ratios suggest assimilation of amphibole, probably in the lithospheric mantle that was metasomatized by earlier melts. Lavas from the Cumbre Vieja unit (<125 ka) in the southern half of La Palma are more incompatible-element enriched and probably formed through lower degrees of melting than those from the northern shield, which are nearly identical isotopically. Their Nb/U ratios are mostly within the range 47 6 10, significantly below those of the earlier lavas. In Pb/ 206 Pb isotope diagrams, the Basal Complex rocks and lavas from the adjacent El Hierro island form a separate trend compared with the younger subaerial La Palma lavas. Both groups share a common depleted end-member but require separate, enriched HIMU-like end-members, believed to be located within the asthenosphere. The temporal and spatial variations in the composition of La Palma and El Hierro lavas could be explained within the context of NE-directed plate motion over a zoned Canary plume. After La Palma moved away from the asthenospheric source domain of the Basal Complex, El Hierro formed above the same domain, whereas the younger units on La Palma tapped a distinct asthenospheric domain located further north. The short-lived Bejenado volcano that formed directly after the giant Cumbre Nueva sector collapse at c. 560 ka produced the isotopically most depleted lavas reported from La Palma thus far. Their compositions suggest incorporation of a depleted pyroxenitic component. The Bejenado lavas also extend to the highest Nb/U and Ba/Th and lowest La/Nb ratios of all La Palma lavas, consistent with increased melting of amphibole within the lithospheric mantle or lower crust. We propose that the collapse is related to the migration of magmatism to the south of La Palma, and led to short-term enhanced decompression melting of amphibole and pyroxenite within the lithosphere.
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Pb/ 204 Pb and 208 Pb/ 206 Pb isotope diagrams, the Basal Complex rocks and lavas from the adjacent El Hierro island form a separate trend compared with the younger subaerial La Palma lavas. Both groups share a common depleted end-member but require separate, enriched HIMU-like end-members, believed to be located within the asthenosphere. The temporal and spatial variations in the composition of La Palma and El Hierro lavas could be explained within the context of NE-directed plate motion over a zoned Canary plume. After La Palma moved away from the asthenospheric source domain of the Basal Complex, El Hierro formed above the same domain, whereas the younger units on La Palma tapped a distinct asthenospheric domain located further north. The short-lived Bejenado volcano that formed directly after the giant Cumbre Nueva sector collapse at c. 560 ka produced the isotopically most depleted lavas reported from La Palma thus far. Their compositions suggest incorporation of a depleted pyroxenitic component. The Bejenado lavas also extend to the highest Nb/U and Ba/Th and lowest La/Nb ratios of all La Palma lavas, consistent with increased melting of amphibole within the lithospheric mantle or lower crust. We propose that the collapse is related to the migration of magmatism to the south of La Palma, and led to short-term enhanced decompression melting of amphibole and pyroxenite within the lithosphere.
INTRODUCTION
Most ocean island basalts (OIB) are derived from partial melts of mantle material upwelling from depth. Their chemical compositions reflect a complex interplay between source compositions and processes occurring during melt generation and transit to the surface. These processes include entrainment of surrounding asthenosphere by upwelling mantle, elemental fractionation during partial melting, mixing of melts from distinct source lithologies, reactions between ascending melts and lithospheric mantle, mixing of distinct magma batches, assimilation of host-rock, and crystal fractionation. Heterogeneities within the upwelling mantle material can result in systematic temporal variations in magma composition at a single island Lassiter & Hauri, 1998; Geldmacher & Hoernle, 2000; Stracke & Bourdon, 2009 ). In addition to source heterogeneities, lithospheric components can contribute to final magma compositions (e.g. Class et al., 1998; Geldmacher & Hoernle, 2000; Praegel & Holm, 2006) . In particular, amphibole in metasomatized lithospheric mantle has the potential to contaminate ascending asthenospheric melts (Class et al., 1998; Lundstrom et al., 2003) . The degree of interaction between melts and lithosphere may change during the evolution of a volcano and result in systematic changes in magma composition over time. To decipher the relative roles of deep sources and shallower lithospheric contributions to observed variations, detailed studies of selected localities are necessary.
La Palma (Canary Islands) is a well-studied island with a distinctive volcanological evolution from an older shield volcano in the northern half to the currently active Cumbre Vieja rift zone in the southern half. The subaerial evolution of La Palma spans >1Á7 Myr and has been well reconstructed by field studies and precise K-Ar and 40 Ar/ 39 Ar dating (Guillou et al., 1998 Carracedo et al., 2001) . The presence of a depleted component and an enriched HIMU-like component (high m ¼ high time-integrated 238 U/ 204 Pb) in the mantle source beneath the Canary Islands has long been recognized by trace element and radiogenic isotope studies Sigmarsson et al., 1992; Marcantonio et al., 1995; Hilton et al., 2000; Abratis et al., 2002; Gurenko et al., 2006 Gurenko et al., , 2009 Day et al., 2009 Day et al., , 2010 . We note that throughout this study the term 'HIMU-like' refers to the FOZO group of isotope compositions, as redefined by Stracke et al. (2005) , which has slightly less radiogenic Pb isotope ratios but more radiogenic Sr isotope ratios than the 'classic' HIMU group represented by St Helena and by some of the Cook-Austral Islands. Sigmarsson et al. (1992) proposed the presence of metasomatic phlogopite or amphibole in the source of historical La Palma magmas, and Praegel & Holm (2006) explicitly required a contribution of metasomatized lithospheric mantle to explain the depleted isotopic signature of some recent melts. Although there is a wealth of geochemical data for La Palma, Sr-Nd-Pb isotope data for some volcanic units are sparse, and a summary linking >1Á7 Myr of volcanic history to the temporal evolution of the magmas and their sources is lacking.
We present major and trace element and Sr, Nd and Pb isotope data for age-dated or stratigraphically wellcharacterized ultrabasic and basic lavas that fill gaps in the published dataset, as well as the first isotopic data from the Basal Complex (oldest exposed unit on La Palma). We significantly extend the available data for the northern half of La Palma to explore systematic temporal and spatial geochemical variations of the magmas. We show how the chemical compositions of magmas change over time, and discuss the relationship of these changes to lithospheric and sub-lithospheric processes. We also discuss how the geochemical evolution is related to the island's southward growth from the older shield volcano to the recent rift system.
GEOLOGICAL SETTING
The Canary Archipelago consists of a chain of seven volcanic islands off the coast of NW Africa ( Fig. 1 ) that are all underlain by oceanic crust, as indicated by tholeiitic mid-ocean ridge basalt (MORB)-type gabbro xenoliths found on Gran Canaria, Lanzarote and La Palma (Hoernle, 1998; Schmincke et al., 1998; Neumann et al., 2000) . The age of the crust is bracketed by magnetic anomalies S1 (175 Ma) between the easternmost islands and the African coast, and M25 (155 Ma) between La Palma and El Hierro (Klitgord & Schouten, 1986) . This is confirmed by a Sm/Nd isochron of 178 6 17 Ma for ocean crust samples from Gran Canaria (Hoernle, 1998) . The Canary Islands and a number of seamounts belong to a volcanic province that shows a younging age progression from NE to SW (Geldmacher et al., 2005) , best explained by a mantle plume that impinges beneath slowly moving oceanic lithosphere (Morgan, 1983; Holik & Rabinowitz, 1991) . Magmatic activity started more than 20 Myr ago with the formation of the eastern islands of Lanzarote and Fuerteventura. The youngest islands of El Hierro and La Palma represent the current locus of hotspot magmatism (Schmincke, 1976; Carracedo, 1999) , although the magma supply rate at both islands is comparatively small (less than 1 km 3 ka -1 at La Palma; Ancochea et al., 1994) .
The most recent and thorough description of La Palma's geological evolution has been given by Carracedo et al. (1999 Carracedo et al. ( , 2001 ), including precise ages from Guillou et al. (1998 Guillou et al. ( , 2001 , and is briefly summarized here. As recognized by early workers (Hausen, 1969; Middlemost, 1972; Schmincke, 1976) , the geology of La Palma can be divided into three major units ( Fig.  1): (1) the Basal Complex (c. 4Á0 to 3Á0 Ma) comprising a Pliocene seamount sequence and a plutonic complex, uplifted and tilted by intrusions coeval with the later subaerial activity (Staudigel & Schmincke, 1984) ; (2) an older volcanic series (1Á7 Ma to 400 ka), which includes the Garafia volcano, the Taburiente shield volcano with Cumbre Nueva and the Bejenado edifice; (3) the Cumbre Vieja series (125 ka to present), which is confined to the southern half of the island.
The earliest subaerial volcanism formed the Garafia volcano (1Á7-1Á2 Ma), which unconformably overlies and mantles the uplifted Basal Complex from the seamount stage. Outcrops of Garafia deposits are limited to erosive windows on the north and SW flanks of the Taburiente shield (Fig. 1) . After gravitational collapse of Garafia's southern flank between 1Á20 and 1Á08 Ma, the Taburiente shield volcano formed from 1Á08 Ma until 400 ka, without significant interruptions. It is subdivided into the Lower Taburiente unit, with a predominance of volcaniclastic deposits until about 800 ka, and the Upper Taburiente unit with predominance of thick lava flows. Upper Taburiente lavas and pyroclastic deposits mantle most of the northern shield of La Palma. From about 830 ka, the volcano extended to the south forming the north-south-striking Cumbre Nueva rift zone . The present Cumbre Nueva ridge is the eroded headwall of a giant lateral collapse that destroyed the rift zone between 566 and 549 ka. This collapse was the main cause for the formation of the Caldera de Taburiente by retrograde erosion Fig. 1 . Simplified geological map of La Palma with 500 m contours modified after Carracedo et al. (2001) . Age range of volcanic units is from Staudigel & Schmincke (1984) and Guillou et al. (1998 Guillou et al. ( , 2001 . Bathymetric data based on Masson et al. (2002) . (Schmincke, 1976; Paris & Carracedo, 2001) . Soon after collapse a new episode of volcanic activity between c. 549 and 490 ka produced the Bejenado volcano within the embayment Hildenbrand et al., 2003) , with little concomitant activity from Taburiente .
After cessation of volcanism at Bejenado, activity shifted to the south to form the Cumbre Vieja volcano with exposed lavas ranging in age from 125 ka to present. Cumbre Vieja rests on the southern flank of the older Cumbre Nueva ridge and represents a separate volcanic edifice (we note that the Spanish names contradict the geological relationships). The early (unexposed) stages of Cumbe Vieja activity, however, may have been contemporaneous with Bejenado and late Taburiente activity . The present Cumbre Vieja ridge is a well-developed north-southtrending rift zone (Middlemost, 1972; Carracedo et al., 1999) , characterized by alignment of abundant cinder cones and fissures along its crest. The submarine extension of the rift zone turns to the SE at a saddle in the ridge at c. 1200 m water depth (Schmincke & Graf, 2000) and grades into a morphologically older structure (Urgeles et al., 1999) . One sample taken near this saddle gave an 40 Ar/
39
Ar age of 2Á11 Ma (van den Bogaard, 2013).
PETROGRAPHY
The following summary is based on a microscopy and electron microprobe study of our own thin sections and on the detailed account by Carracedo et al. (2001) . Alkalic rocks ranging from basanites and alkali basalts to trachybasalts and phonolites are dominant on La Palma (Fig. 2) , with alkali basalts and trachybasalts being largely restricted to the pre-Cumbre Vieja units . Typical phenocryst assemblages are olivine þ clinopyroxene for basanites; olivine þ clinopyroxene þ plagioclase for alkali basalts and trachybasalts; clinopyroxene þ amphibole for tephrites and phonotephrites; and amphibole þ clinopyroxene þ haü yne þ apatite þ plagioclase for tephriphonolites and phonolites; the last additionally contain titanite. Ti-magnetite occurs in all rock types in small amounts (<2 vol. %). In basic lavas plagioclase occurs mainly as microphenocrysts, with the exception of some Bejenado lavas, which contain larger plagioclase phenocrysts. The groundmass of the investigated samples is dominated by clinopyroxene þ plagioclase laths þ Fe-Ti oxides 6 olivine 6 glass.
In the thin sections studied, olivine (up to 20 vol. %) is euhedral to subhedral, commonly contains Cr-spinel inclusions, and in some samples from the northern shield is slightly to strongly altered. Olivine xenocrysts with deformation lamellae and clinopyroxene xenocrysts are common. Clinopyroxene (up to 20 vol. %) is mostly Ti-rich aluminian diopside ('fassaite'), showing simple to complex zonation; many crystals contain slightly to strongly resorbed and/or sieve-textured, greenish Na-rich cores ('acmite'). Clinopyroxene occurs as single crystals or forms glomerocrysts with olivine. Amphibole (up to 20 vol. %) is dark brown kaersutite to pargasite and dominates clinopyroxene in the more evolved rocks. Apatite occurs as inclusions in amphibole and clinopyroxene and as phenocrysts in more evolved lavas and cumulate xenoliths.
The different volcanic units of La Palma overlap in their composition (Fig. 2) but show systematic petrographic differences (Galipp et al., 2006) (Fig. 3): (1) strongly olivine-clinopyroxene-phyric basalts (ankaramites) occur commonly at Taburiente, Cumbre Nueva and Bejenado, but are largely absent at Cumbre Vieja; (2) highly differentiated tephriphonolites and phonolites are far more abundant at Cumbre Vieja than among the older series; (3) green-core clinopyroxenes are ubiquitous in Cumbre Vieja and Bejenado lavas but are rare among the older series; (4) xenoliths are common in the Cumbre Vieja lavas but are comparatively rare in the older units. The most common xenolith types are: (1) ultramafic cumulates containing highly variable proportions of kaersutitic Nuez, 1983; Elliot, 1991; Klü gel et al., 2000; Carracedo et al., 2001; Johansen et al., 2005; Praegel & Holm, 2006; Day et al., 2010; Turner et al., 2015) .
amphibole, clinopyroxene, olivine, Fe-Ti-oxides, apatite; (2) MORB-type gabbros from the Jurassic oceanic crust; (3) mafic cognate cumulates containing plagioclase, kaersutitic amphibole, clinopyroxene, Fe-Ti-oxides, apatite, haü yne, titanite; (4) harzburgite and dunite mantle xenoliths, many of which contain amphibole and phlogopite; (5) various types of fragments from evolved rocks (Klü gel et al., 1999) .
ANALYTICAL METHODS

Major and trace elements
After removing any weathered parts, the samples were crushed, washed in distilled water in an ultrasonic bath and ground to a fine powder in an agate mill. Amygdules in some samples were removed by handpicking under a binocular microscope. Whole-rock analyses of Basal Complex samples by X-ray fluorescence (XRF) (Ruhr-Universitä t Bochum) and instrumental neutron activation analysis (INAA) (Oregon State University) were carried out using the procedures described by Hoernle & Schmincke (1993a) . For all other samples, XRF analyses of major and trace elements were carried out at GEOMAR on fused beads using a Philips X'Unique PW 1480 calibrated with international standards (Govindaraju, 1994) . H 2 O and CO 2 were analyzed with a Rosemount CSA 5003 infrared photometer. Some glassy samples were analyzed by electron microprobe (Galipp et al., 2006) . Rare earth elements (REE) and other trace elements were analysed by inductively coupled plasma mass spectrometry (ICP-MS) at the Geosciences Department at University of Bremen. About 50 mg of sample material was digested with ultrapure-grade mixed acids (HF-HCl-HNO 3 ) at 210 C using an MLS Ethos TM microwave. Analyte solutions were spiked with indium as an internal standard and contained about 0Á2 mg ml -1 of total dissolved solid. The analyses were carried out on a Thermo Element2 with a resolution R ¼ 10 000 for medium REE (MREE) to heavy REE (HREE) and Hf, R ¼ 4000 for transition metals, and R ¼ 300 for other elements. Precision and accuracy, as determined by analyzing replicates and certified reference standards along with the samples, were better than 10 % for most elements. The standard data for XRF and ICP-MS analyses are presented in Supplementary Data Electronic Appendix Table A1 (supplementary data are available for downloading at http://www.petrology.oxford.org).
Sr-Nd-Pb isotopes
Isotope analyses for samples from the Basal Complex were carried out at the University of California, Santa Barbara (UCSB) using the analytical procedures described by . For all other samples, about 100 mg of rock powder or rock chips were leached in 6 N HCl for 1 h at 120 C followed by triple rinsing in 18 MX H 2 O and then dissolved in Teflon beakers using a 5:1 mixture of concentrated HF-HNO 3 . Sr, Nd and Pb ion chromatography followed the procedure outlined by and Hoernle et al. (2008) .
The average Pb procedural blanks ranged between 20 and 60 pg Pb and thus are considered insignificant for the sample sizes. Pb samples were split after the final clean-up to obtain a load of 50-100 ng Pb on the filament. Pb isotope ratios were measured by thermal ionization mass spectrometry ( (n ¼ 12) are 16Á899 6 0Á012, 15Á441 6 0Á014, and 36Á540 6 0Á039; the biases between the two laboratories are thus smaller than the analytical uncertainties. The measured Pb isotopic ratios of NBS981 were normalized to the recent NBS981 double-spike values of the GEOMAR laboratory as reported by Turner et al. (2015) and the resultant fractionation correction factors were applied to the sample data. To plot a consistent dataset, this normalization procedure was applied to all Pb-isotope data from La Palma generated at the GEOMAR and UCSB laboratories. Eleven out of 28 samples were rerun and reproduced within the external errors of NBS981. Similarly sample KLP62 was reproduced in terms of a separate sample digest.
Sr and Nd isotope measurements used the same digestions as Pb analyses and were carried out on a ThermoFinnigan TRITON TIMS system operating in static mode with Sr and Nd isotope ratios normalized within run to 86 Nd/ 144 Nd ¼ 0Á511890 6 0Á000014 (n ¼ 5) for the in-house Ames standard, equivalent to a value of 0Á511850 for La Jolla. The UCSB Sr isotope data have been normalized to 0Á710257 reported for NBS987 on the TRITON system at GEOMAR.
WHOLE-ROCK CHEMICAL RESULTS
Major and trace elements
The samples from this study (<50 wt % SiO 2 ) and their locations are listed in Supplementary Data Electronic Appendix Table A2 and major and trace element analyses in Table A3 . A detailed account of the compositional systematics for each volcanic unit of La Palma has been given by Carracedo et al. (2001) . Most Basal Complex, Garafia and Lower Taburiente samples are subalkalic basalts to trachybasalts, whereas almost all younger samples plot in the fields for basanites to phonolites (Fig. 2) . Most lavas contain <12 wt % MgO, <300 ppm Ni, and <600 ppm Cr, indicating that they are not primary melts but have undergone significant crystal fractionation (Fig. 4) . MgO correlates negatively with Al 2 O 3 , Al 2 O 3 /CaO, Na 2 O, K 2 O and incompatible trace elements, and positively with compatible trace elements such as Ni, Cr, Co, and Sc. For MgO <8 wt % it also correlates positively with Fe 2 O 3 T and TiO 2 and negatively with SiO 2 . These trends are consistent with fractionation of the observed phenocrysts phases, typically olivine þ Ti-magnetite (above c. 10 wt % MgO), olivine þ clinopyroxene þ Ti-magnetite (c. 6-10 wt % MgO), and clinopyroxene þ kaersutite þ Ti-magnetite (<5-6 wt % MgO), as indicated by kinks at 5-6 wt % MgO for TiO 2 , SiO 2 , Al 2 O 3 /CaO, and alkalis. Phosphorus behaves rather irregularly, showing no correlation with SiO 2 and a weak correlation with MgO; decreasing P 2 O 5 below c. 5 wt % MgO reflects apatite removal.
Most incompatible trace elements correlate well with each other in each La Palma unit. The similarity of correlations for fluid-mobile as well as fluid-immobile trace elements (e.g. Th-Rb and Th-Ta; Fig. 5 ) demonstrates that the samples were not significantly affected by alteration. In a U-Th diagram the data from all units overlap each other and form a tight linear array with correlation coefficient r 2 ¼ 0Á94 (Fig. 5) . A subtle kink at c. 10 ppm Th indicates mild U-Th fractionation during differentiation. With decreasing MgO, La Palma lavas show an overall increase of La/Sm, Zr/Hf and Sr/Sm, a subtle decrease of Nb/U and Ba/Th, and a subtle increase and then decrease of Ba/Nb and La/Nb (Fig. 4) . These relationships are consistent with fractionation of clinopyroxene 6 kaersutite 6 apatite 6 Fe-Ti oxides, in which some of these elements are compatible or only moderately incompatible.
The variation diagrams of Figs 2, 4 and 5 reveal systematic compositional differences between the main volcanic units, as also discussed by Carracedo et al. (2001) and Day et al. (2010) . At a given MgO, Basal Complex and Garafia lavas have higher SiO 2 and lower incompatible element abundances than the younger lavas. Garafia contains some of the most primitive samples (high MgO, Ni, Cr) found on La Palma. Lower Taburiente lavas compositionally overlap with Garafia but trend to SiO 2 -poor basanites. Upper Taburiente lavas are more alkalic than the older lavas, and include intermediate to evolved as well as some of the most primitive compositions. Lavas from Bejenado tend to be more evolved but otherwise overlap in composition with those from Upper Taburiente. Cumbre Vieja has few lavas with >12 wt % MgO and highly evolved tephriphonolites and phonolites are common (Fig. 2) . Cumbre Vieja is also distinct from the older series in having higher incompatible element contents at a given MgO. In summary, the geochemical evolution of La Palma is characterized by a trend towards more alkalic and SiO 2 -undersaturated, more differentiated and more incompatible element enriched lavas.
Primitive magmas from the differenct volcanic units are also distinct, as is shown by samples with >8 wt % MgO that are normalized to 12 wt % MgO for each unit using linear regression (Table 1 ; averaged values are shown in Supplementary Data Table A4 ). From Basal Complex to Cumbre Vieja, the normalized data show a principal decrease in SiO 2 and increase in alkalis, P 2 O 5 , and incompatible trace elements. Cumbre Vieja lavas also have higher La/Sm, La/Nb and U/Th ratios and lower (Nb,Ta)/U and Ba/Th ratios than pre-Cumbre Vieja lavas (Fig. 6 ). The normalized Bejenado lavas are similar to the older units for most elements except for Cs, Ba, Nb, Ta and K, and have the lowest HREE concentrations. Overall the trace element data and element patterns in Fig. 6 and Supplementary Data Fig. A1 show features characteristic of HIMU-like basalts (Weaver, 1991) , as also noted by previous workers (Klü gel et al., 2000; Carrecedo et al., 2001; Gurenko et al., 2006; Praegel & Holm, 2006; Day et al., 2010) . These include relative enrichment in Nb and Ta, pronounced K and Pb troughs, high Ce/Pb (normalized value for each subaerial unit between 26Á8 and 38Á9), U/Pb (0Á28-0Á47) and Th/Pb (1Á1-1Á8), and low K/Nb (120-142), Ba/Nb (5Á5-6Á6) and La/Nb (0Á55-0Á91).
Sr-Nd-Pb isotopes
New Sr, Nd and Pb isotope ratios are presented in Table 2 and plotted together with published data for the ultrabasic and basic lavas in Figs 7 and 8. Our study greatly enlarges the published isotope datasets for the Upper Taburiente (Cumbre Nueva) and Bejenado units, and reveals correlations and extreme compositions not recognized thus far. The systematic variations with stratigraphy are best recognized if only samples from the laboratories used in this study are shown, thereby reducing interlaboratory bias; a comparison with all published data is given in Supplementary Data Electronic Appendix Figs A2 and A3.
In a Sr-Nd isotope correlation diagram (Fig. 7) , the data from Bejenado and Taburiente each show good negative correlations. The Cumbre Vieja data form a relatively tight array with a very small range in 143 Nd/ 144 Nd (0Á512886-0Á512901). Cumbre Vieja tephrites and phonotephrites have a tendency towards higher 87 Sr/ 86 Sr than basanites, the most extreme compositions being two phonotephrites from the 1949 eruption (samples KLA1512 and KLA1514). Elevated Eu  3Á45  2Á60  2Á54  2Á48  2Á60  2Á24  Gd  9Á95  7Á40  7Á47  7Á14  7Á60  6Á46  Tb  1Á32  0Á957  1Á02  0Á974  1Á02  0Á945  Dy  6Á51  5Á03  5Á39  5Á11  5Á27  4Á74  Ho  1Á14  0Á870  0Á964  0Á930  0Á970  0Á871  Er  2Á62  2Á02  2Á32  2Á23  2Á26  1Á93  Tm  0Á351  0Á259  0Á322  0Á300  0Á310  0Á255  Yb  1Á96  1Á47  1Á82  1Á76  1Á74  1Á49  Lu  0Á285  0Á203  0Á268  0Á245  0Á254  0Á205  Hf  6Á18  5Á73  5Á59  5Á45  6Á00  4Á97  Ta  4Á48  4Á25  3Á15  3Á30  3Á23  2Á56  Pb  3Á91  2Á13  2Á77  2Á99  2Á36  4Á25  Th  6Á80  3Á91  3Á52  3Á36  3Á35  2Á30  U  1 Á84  0Á954  0Á832  0Á845  0Á853 Praegel & Holm (2006) , and could reflect late-stage processes involving minor assimilation of seawater-altered basement (see Gee et al., 1998 Pb/ 204 Pb isotope ratio compared with the younger La Palma samples, and in all Pb isotope diagrams plot on an extension of the El Hierro array (Fig. 8) .
Bejenado volcano shows the isotopically most depleted compositions from La Palma, as well as a large Sr-Nd-Pb isotopic variability, despite its short life span and small spatial extent. The most depleted Bejenado and Upper Taburiente samples isotopically resemble those from the adjacent island of El Hierro (Figs 7 and 8) . The exceptional compositions of Bejenado are also shown in diagrams of isotope ratios versus element concentrations and element ratios (Fig.  9) Samples from the submarine continuation of the Cumbre Vieja ridge (Abratis et al., 2002) show a comparatively large spread in isotope ratios and encompass much of the range of subaerial La Palma rocks (Supplementary Data Electronic Appendix Figs A2 and A3). The four samples from the alkali-basalt (AB) group of Abratis et al. (2002) overlap with the most depleted Bejenado compositions, whereas two samples from a morphologically old structure further south (see Urgeles et al., 1999; Schmincke & Graf, 2000) , belonging to the ZrNb group of Abratis et al. (2002) , overlap with the Basal Complex samples. Because the stratigraphic relations of the submarine samples are as yet unclear, they are excluded from further discussion of the volcanological and geochemical evolution of La Palma. Table 1 ); the patterns for all samples are shown in Supplementary  Data Fig. A1 . Range for samples with > 8 wt % MgO from St Helena, the HIMU type locality in the South Atlantic (Kawabata et al., 2011) , is shown for comparison (gray field).
DISCUSSION
The geochemical data presented above illustrate that the strongest changes in magma composition are associated with the Bejenado period and the subsequent transition of volcanic activity to Cumbre Vieja in the south. The strongest geochemical changes thus follow on the giant Cumbre Nueva collapse of Taburiente volcano around 560 ka (Guillou et al., 1998) . It is not known if, and if so how, flank collapse and southward shift of volcanic activity were causally related. It has been shown that a major flank collapse has the potential to rearrange the stress field beneath a volcano and affect the conditions of magma storage and transport . On the other hand, systematic long-term variations in magma composition, and possibly the short-term changes to extreme isotopic compositions observed at Bejenado, may reflect deep processes in the mantle source. We discuss these possibilities and their relevance for the evolution of La Palma below. 0Á703169  0Á000002  0Á512890  0Á000003  19Á523  0Á0004  15Á598  0Á0004  39Á352  0Á0012  KLA1514†   0Á703167  0Á000002  0Á512888  0Á000002  19Á582  0Á0038  15Á619  0Á0031  39Á436  0Á0078  KLP47  0Á703083  0Á000002  0Á512901  0Á000002  19Á636  0Á0007  15Á595  0Á0007  39Á419  0Á002  KLP52  0Á703087  0Á000003  0Á512901  0Á000003  19Á550  0Á0004  15Á594  0Á0004  39Á337  0Á0011  KLP82  0Á703148  0Á000003  0Á512897  0Á000002  19Á505  0Á0011  15Á593  0Á0009  39Á315  0Á0024  KLP92  0Á703097  0Á000003  0Á512897  0Á000002  19Á554  0Á0015  15Á594  0Á0012  39Á405  0Á0033  Bejenado  KLP97  0Á703033  0Á000003  0Á512942  0Á000003  19Á444  0Á0005  15Á586  0Á0004  39Á234  0Á0011  KLP101  0Á703082  0Á000003  0Á512910  0Á000003  19Á604  0Á0011  15Á592  0Á0009  39Á406  0Á0024  KLP105 0Á702987 Taburiente  KLP19  0Á703056  0Á000002  0Á512896  0Á000003  19Á670  0Á0010  15Á619  0Á0008  39Á475  0Á0023  KLP23  0Á703066  0Á000003  0Á512888  0Á000002  19Á650  0Á0044  15Á606  0Á0035  39Á483  0Á0090  KLP27  0Á703058  0Á000002  0Á512896  0Á000004  19Á724  0Á0008  15Á619  0Á0007  39Á595  0Á0018  KLP35  0Á703091  0Á000002  0Á512885  0Á000003  19Á772  0Á0005  15Á617  0Á0005  39Á605  0Á0016  KLP41  0Á703110  0Á000002  0Á512880  0Á000002  19Á949  0Á0021  15Á632  0Á0016  39Á750  0Á0042  KLP80  0Á703047  0Á000002  0Á512903  0Á000003  19Á585  0Á0018  15Á612  0Á0014  39Á338  0Á0038  KLP87  0Á703075  0Á000002  0Á512882  0Á000002  19Á922  0Á0011  15Á641  0Á0009  39Á756  0Á0023  KLP89  0Á703070  0Á000003  0Á512894  0Á000003  20Á021  0Á0014  15Á640  0Á0011  39Á844  0Á0029  KLP103  0Á703017  0Á000003  0Á512938  0Á000002  19Á292  0Á0016  15Á566  0Á0013  38Á965  0Á0033  KLP59  0Á703072  0Á000002  0Á512892  0Á000003  19Á767  0Á0012  15Á624  0Á0010  39Á638  0Á0026  KLP63  0Á703078  0Á000003  0Á512889  0Á000003  19Á729  0Á0010  15Á624  0Á0008  39Á591  0Á0020  KLP65  0Á703080  0Á000003  0Á512892  0Á000003  19Á686  0Á0029  15Á602  0Á0023  39Á547  0Á0060  KLP67  0Á703080  0Á000003  0Á512890  0Á000002  19Á775  0Á0052  15Á601  0Á0041  39Á667  0Á0105  KLP73  0Á703098  0Á000003  0Á512881  0Á000002  19Á954  0Á0008  15Á634  0Á0006  39Á782  0Á0016  Lower Taburiente  KLP77  0Á703095  0Á000004  0Á512884  0Á000003  19Á812  0Á0018  15Á650  0Á0017  39Á691  0Á0055  Basal Complex  LP257-1  0Á703033  0Á000015  0Á512891  0Á000006  19Á831  0Á008  15Á626  0Á006  39Á736  0Á016  LP102-1  0Á703221  0Á000009  0Á512912  0Á000008  19Á785  0Á003  15Á628  0Á003  39Á435  0Á008  LP31  0Á703048  0Á000009  0Á512906  0Á000008  19Á818  0Á003  15Á638  0Á002  39Á493  0Á007  LP151  0Á703002  0Á000011  0Á512912  0Á000007  19Á823  0Á006  15Á624  0Á005  39Á478  0Á013  LP317-127‡   0Á702973  0Á000012  0Á512920  0Á000008  19Á839  0Á003  15Á62  0Á002  39Á466  0Á007  LP186  0Á703056  0Á000015  0Á512901  0Á000005  19Á854  0Á005  15Á631  0Á004  39Á546  0Á010  LP143  0Á702987  0Á000013  0Á512919  0Á000007  19Á899  0Á005  15Á65  0Á005  39Á606  0Á014  LP22  0Á703109  0Á000015  0Á512893  0Á000010  19Á998  0Á003  15Á643  0Á002  39Á812  0Á005  LP141§   0Á703086  0Á000015  0Á512908 Major and some trace element data given by Staudigel & Schmincke (1984) . Fig. 4 ). These could reflect variable fractionation assemblages ) and/or subtle changes of oxygen fugacity, H 2 O activity, or pressure of magma storage (Fuchs, 2014) , and hence depend on the conditions of the magma plumbing system. A temporal evolution of La Palma's magma plumbing system is suggested by a long-term tendency towards more fractionated compositions, which began with Upper Taburiente lavas and culminated with the abundance of intermediate to evolved lavas at Cumbre Vieja (Fig. 2) . The following petrographic observations suggest that the Cumbre Nueva collapse was accompanied by a change in magma plumbing (Galipp et al., 2006) .
Changes in the magma plumbing system
(1) Reversely zoned green-core clinopyroxene phenocrysts indicating mixing between basaltic and more evolved melts (Klü gel et al., 2000) are ubiquitous at Bejenado and Cumbre Vieja, but are rare in the precollapse units. This change can indicate an increased role of magma storage in reservoirs where separate melt batches differentiate and mix.
(2) The paucity of ankaramitic lavas at Cumbre Vieja, although they are common at Taburiente and Bejenado, could reflect a change in fractionation conditions and/or magma pathways.
(3) Gabbroic xenoliths from the oceanic crust, often associated with ultramafic cumulates, are common at Cumbre Vieja but are not reported for the older units, which can be reconciled with an increased role of magma stagnation in the lower crust .
Finally, mineral-melt barometry indicates a tendency towards shallower magma storage in the younger lavas. Data for Bejenado and Cumbre Vieja overlap almost completely and suggest final crystal fractionation at 500-800 MPa, in the uppermost mantle, whereas pressures for Taburiente units are higher on average and extend up to 1170 MPa (Nikogosian et al., 2002; Galipp et al., 2006) . The lack of high pressures for Bejenado and Cumbre Vieja does not rule out earlier crystal fractionation at deep levels (Barker et al., 2015) , but it suggests an increased role for shallower reservoirs in pooling of magmas prior to eruption.
Role of lithospheric processes
Earlier workers have investigated the possible contribution of lithospheric material to La Palma magmas during their transit from the melting region to the surface. Day et al. (2010) concluded that contamination of La Palma primary melts by peridotite in the lithospheric mantle is negligible (<1%) based on Os isotope systematics. Trace element and O-Sr-Nd-Pb isotope data also rule out bulk assimilation of significant amounts of igneous oceanic crust and sediments (Gurenko et al., 2006) . This is corroborated by petrological data showing that La Palma basalts fractionate in the mantle Galipp et al., 2006) and are rapidly transported to the surface thereafter (Klü gel et al., 2000; Turner et al., 2015) .
A possible role for recent lithospheric material in the formation of La Palma magmas is suggested by the high (Nb,Ta)/U and Ba/Th ratios, and low La/Nb ratios, of pre-Cumbre Vieja basalts (Fig. 10) . The Nb/U of most samples is well above the typical mantle range for oceanic basalts of 47 6 10 ( Hofmann et al., 1986 ). In contrast, most basalts from Cumbre Vieja show Nb/U within 47 6 10, as well as lower Ba/Th and higher La/Nb ratios than the pre-Cumbre Vieja lavas (Fig. 10 ). An exception is a suite of >56 ka high-MgO basanites from southern Cumbre Vieja reported by Praegel & Holm (2006) , which show an average Nb/U of $65 and high Ba/Th. Because amphiboles can have high (Nb,Ta,Ba)/ (U,Th), elevated Nb/U ratios of Canary Island lavas were attributed by Lundstrom et al. (2003) to melting of metasomatic amphibole-rich veins or cumulates in the lithospheric mantle. These could have been introduced by rising melts during the earliest La Palma magmatism when the lithosphere was colder (Class et al., 1998; Lundstrom et al., 2003) . The isotopic composition of rising melts is hardly affected by vein assimilation if their sources are isotopically similar and vein residence times are short enough for radiogenic ingrowth to be negligible [up to $20 Myr as calculated using amphibole phenocryst compositions of Turner et al. (2015) ].
The scenario of amphibole assimilation is supported by good correlations of Nb/U with Ba/Th, La/Nb and Dy/ Dy* for MgO-rich lavas, which are not affected by amphibole fractionation (Fig. 10) . Mass-balance Fig. 7 . Pb isotope data from this study are mass-bias corrected as outlined in the Methods section, and published data from the GEOMAR laboratory were re-normalized accordingly. Dashed curves outline the range of binary mixing lines of melts with DPX and EPD isotope signature, with concentration ratios C Pb DPX /C Pb EPD and C Nd DPX / C Nd EPD of the melts each varying between 0Á5 and 2. Almost all samples plot within that range. Labels Dom. 1 and Dom. 2 in the Pb-Pb diagrams indicate arrays for two compositional domains 1 and 2 that differ slightly in their enriched HIMU-like components (see text). Sources for reference fields and for the DPX and EPD components as in Fig. 7 ; the 208 Pb/ 206 Pb ratio of the DPX and EPD components was calculated by linear regression following Gurenko et al. (2009) . Fields for sediments south of Gran Canaria are after , and the northern hemisphere reference line (NHRL) is after Hart (1984). calculations show that assimilation of 10-22 wt % of a representative metasomatic amphibole composition (Wulff-Pedersen et al., 1999) can raise the Nb/U ratio from the 'normal' mantle range to the values observed for pre-Cumbre Vieja melts at 12 wt % MgO (Nb/U ¼ 62-78; Fig. 10 , Supplementary Data Table A5 ). This would also increase (Nb,Ta)/Th and Ba/Th, and decrease La/ Nb, but have a minor effect on Th/U, REE patterns and major element contents. In addition to amphibole, other potential assimilants in metasomatic veins are phlogopite and minor apatite (Wulff-Pedersen et al., 1999) . Phlogopite assimilation by pre-Cumbre Vieja melts cannot have exceeded a few weight per cent or it would have raised their K/La, K/Nb and Rb/Th ratios well above those of Cumbre Vieja melts, which is not observed (Fig. 6) . Likewise, the similar P/Nd and Sr/P ratios of Cumbre Vieja and pre-Cumbre Vieja melts indicate that apatite assimilation did not play a major role in producing their different trace element signatures (Fig. 6) .
Could the high Nb/U ratios of pre-Cumbre Vieja lavas have their origin in the upwelling mantle source? Amphibole is not stable in the asthenospheric mantle or thermal plumes (Class & Goldstein, 1997) , but a source containing subduction-processed and recycled oceanic crust could produce melts with high Nb/U and Ba/Th and low La/Nb (Geldmacher & Hoernle, 2000; Stracke et al., 2003; Kokfelt et al., 2006) . If variable proportions of a recycled component in the source controlled the different Nb/U, Ba/Th and La/Nb of Cumbre Vieja and pre-Cumbre Vieja lavas, then these ratios should correlate with radiogenic isotope ratios (see Stracke & Bourdon, 2009 ). This is not observed, however (Fig. 9) ; to the contrary, the combined data show a marked decoupling. Basanites show an overall increase in Nb/U and Ba/Th, and decrease in La/Nb, from Cumbre Vieja to Taburiente to Bejenado (Fig. 10) , whereas Pb isotope ratios become more enriched from Cumbre Vieja to Taburiente but more depleted from Cumbre Vieja to Bejenado (Fig. 8) . This decoupling is difficult to reconcile with a mantle source control on the different Nb/U ratios and favors the assimilation scenario.
We thus propose that assimilation of metasomatic amphibole-dominated veins in the lithospheric mantle by pre-Cumbre Vieja melts, but not by Cumbre Vieja melts, accounts for their different Nb/U, Ba/Th and La/ Nb ratios. This implies that either the veins were largely Nd and element concentrations or element ratios. The apparent correlations for Bejenado samples disappear if the more evolved samples (tephrites and phonotephrites, encircled by dotted line) are omitted. These correlations may represent mixing between a Bejenado basanite and an evolved Taburiente melt. As an example, calculated mixing curves between a depleted Bejenado basanite (sample KLP205) and an Upper Taburiente tephriphonolite [sample 212 of Carracedo et al. (2001) with assumed average Taburiente isotopic composition; shaded star] are indicated by continuous lines with 20% tick marks. Arrows indicate directions for phenocryst fractionation (clinopyroxene 6 amphibole 6 apatite). Symbols and data sources as in Fig. 7 ; encircled fields for El Hierro lavas (EH) are based on Day et al. (2010). melted out by the onset of the Cumbre Vieja period, or the Cumbre Vieja melts used pathways through lithospheric mantle that was not metasomatized by earlier magmatism. The second possibility is supported by the spatial separation between Cumbre Vieja and the older units. The high Nb/U of some samples from southernmost Cumbre Vieja (Praegel & Holm, 2006 ) may reflect amphibole assimilation in parts of the lithospheric mantle that were locally metasomatized, possibly related to the formation of a >2Á1 Myr old seamount just south of La Palma (van den Bogaard, 2013) .
We now turn to the isotopically most depleted Bejenado basanites, which were not known from previous studies. They have higher Nb/U and Ba/Th, and lower La/Nb, than most Cumbre Vieja and Taburiente basanites (Figs. 9 and 10) , suggesting an increased role of amphibole assimilation for Bejenado melts. A causal relation between increased amphibole assimilation and the depleted isotope composition of the Bejenado basanites appears possible if the metasomatic amphibole had a depleted isotope signature. This would imply its derivation from an isotopically depleted melt; for example, a small degree partial melt from oceanic lithosphere. However, it is not clear why such amphibole should have been assimilated by Bejenado melts but not by Taburiente melts. In a more likely scenario, the isotopic depletion of the Bejenado melts is inherited from its mantle source. This source cannot have been depleted in incompatible elements, otherwise the Bejenado melts would be less enriched than observed (Fig. 6 ) and amphibole assimilation would have blurred or erased the depleted isotope signature. A plausible source could be an isotopically depleted pyroxenite originating from subducted oceanic crust. This is demonstrated by model calculations using garnet pyroxenite with a recycled MORB composition (Stracke & Bourdon, 2009 ) and a depleted isotopic signature (Gurenko et al., 2009) Table A6 ).
A distinctive feature is shown by the more evolved Bejenado samples (tephrites and phonotephrites, <6 wt % MgO). They form arrays between the isotopically depleted Bejenado basanites and Taburiente lavas on all Sr-Nd-Pb isotope plots, and show good correlations of 143 Nd/ 144 Nd with indicators of differentiation such as alkalis, U, Th and Rb contents and with more to less incompatible element ratios (Fig. 9) . Binary mixing between an isotopically depleted primitive melt and an isotopically 'normal' evolved melt can produce much of the observed variability (Fig. 9) . We suggest that the formation of the more evolved Bejenado samples involved mixing of an isotopically depleted Bejenado basanite with an evolved Taburiente melt; for example, a tephriphonolite from the terminal stage of Taburiente activity . Details of the mixing process and the actual endmembers are not known and are subject to further study. As an alternative to this mixing model, assimilation of earlier Taburiente rocks in the crust by a Bejenado basanite may be invoked. This scenario, however, is not consistent with barometric data indicating storage of the Bejenado basanites in the uppermost mantle and short transfer times through the crust (Galipp et al., 2006) . Fig. 10 . La Palma lavas with >8 wt % MgO, which are not affected by amphibole fractionation, show good correlations of Nb/U with Ba/Th, La/Nb and Dy/Dy*. The ratio Dy/Dy* (Davidson et al., 2013 ) is a measure of the curvature of REE patterns and is typically larger for amphibole than for coexisting melt. The data plot near calculated mixing curves between a Taburiente lava with 'normal' Nb/U (sample KLP72) and metasomatic amphibole in peridotite xenoliths from La Palma (average vein amphibole from Wulff-Pedersen et al., 1999; Supplementary Data Table  A5 ). Filled symbols indicate compositions normalized to 12 wt % MgO for each unit (Table 1) . Data sources and symbols as in Fig.  2 ; the data from Praegel & Holm (2006) are not shown because no U concentrations were reported.
Implications for mantle source components
Most of the isotopic variability of La Palma and the other Canary Islands can be explained by mixing between an isotopically depleted normal (N)-MORB-like component and a more enriched HIMU-like component in the mantle source. For La Palma, the fraction of the HIMU-like component in the mixed melts has been estimated to be 12-19% (Hilton et al., 2000) , 15-30% (Marcantonio et al., 1995) , 25-35% (Widom et al., 1999) , 53-59% (Gurenko et al., 2009 ), 20-70% (Day & Hilton, 2011 , and 72-79% (Praegel & Holm, 2006) , depending on the approach used and the nature and composition of the components considered. Day et al. (2009 Day et al. ( , 2010 estimated a mass fraction of the pyroxenite component in the La Palma source of 10%.
Based on bulk-rock Sr-Nd-Pb isotope and olivine phenocryst compositions, Gurenko et al. (2009) suggested that the isotopically depleted component is pyroxenite or eclogite representing young (<1 Ga) recycled ocean crust, whereas the enriched HIMU-like component is peridotite that inherited its isotope signature by reaction with c. 1Á2 Ga recycled ocean crust (which is now physically no longer present as eclogite) and possibly some metasomatized suboceanic lithospheric mantle. According to their model the enriched HIMUlike peridotite (hereafter referred to as EPD ¼ Enriched PeriDotite) rises from the lower mantle, picking up depleted pyroxenite (DPX) near the 660 km discontinuity or within the shallow mantle. This model expands on the proposal by Widom et al. (1999) of two recycled components of different age to account for the Pb-Os isotope relationships observed. Alternatively, Day et al. (2009 Day et al. ( , 2010 suggested on the basis of Os-O-Pb isotope systematics that the mantle source of the western Canary Islands is depleted peridotite metasomatized by <10% pyroxenite/eclogite derived from variable portions of similar aged recycled oceanic crust and lithosphere (layer-3 gabbros for La Palma and layer-2 altered basalt for El Hierro, with age between 1Á0 and 1Á8 Ga). For La Palma, an additional high-3 He/ 4
He component and lithospheric peridotite may be required (Day & Hilton, 2011) . The Gurenko et al. (2009) and Day et al. (2009 Day et al. ( , 2010 ) models thus differ mainly by details of lithology and age of the depleted and the enriched components, as well as their predicted d
18 O values (Day et al., 2012) . Our Sr-Nd-Pb isotope data are consistent with both models and cannot discriminate between them.
In Sr-Nd and Pb-Nd isotope space, binary mixing of melts having DPX and EPD isotopic compositions after Gurenko et al. (2009) principally can produce the compositional range of La Palma lavas (Figs 7 and 8) . The observation that the data do not fall on unique mixing lines, but show distinct fields for each volcanic unit, could be explained by variable concentration ratios of Sr, Nd and Pb in the source melts (C element DPX / C element EPD ) without invoking a third component. In PbPb isotope diagrams, however, at least two components of different isotopic composition are required (Fig. 8) Pb diagram the arrays for domain 1 and 2 appear to converge near the range of Cumbre Vieja samples rather than near the DPX composition, which may indicate two depleted (sub-)components. We note that components of slightly different isotopic composition in our dataset are best distinguished in Pb-Pb isotope diagrams, because mixing always produces straight lines pointing towards the mixing components. In contrast, the shapes of mixing curves in Sr-Nd, Pb-Nd and Pb-Sr isotope diagrams are highly susceptible to variable Sr, Nd and Pb concentrations in the melts from the components. Small arrays such as those depicted in Fig. 7 may reflect additional components, or systematic variations in element concentrations, or both.
The variations in the enriched and depleted compositions discussed above could originate from internal heterogeneity of two main components, or require genetically different enriched and depleted components. The former case is simpler genetically and geologically and avoids incorporation of additional components that are not well defined. Clearly, a variability in the isotopic composition of a recycled component over time is expected when considering the lithological/mineralogical and compositional heterogeneity of oceanic crust (lowto high-temperature altered and unaltered basalt and gabbro). Subduction-processed ocean crust has a large range in U/Pb, Th/Pb and Rb/Sr ratios and comparatively little variation in Sm/Nd (e.g. Stracke et al., 2003) , and even fresh MORB can show considerable variation along a single segment. For example, glasses from an arbitrary segment of the Mid-Atlantic Ridge (23Á123-23Á641 N) show variations around the mean of 33% for U/Pb, 37% for Th/Pb, 58% for Rb/Sr and 3% for Sm/Nd (one standard deviation; data from Gale et al., 2013) . Our calculations show that variations of this magnitude would produce a time-integrated range of Sr, Nd and Pb isotope ratios encompassing the entire variability seen on La Palma in about 1 Ga [based on a subduction-modified bulk oceanic crust composition after Stracke et al. (2003) ]. This shows that even moderate internal heterogeneity in a recycled component can result in considerable isotopic variations in the source melts and the development of sub-components.
Based on these considerations we propose that the isotopic variability of La Palma lavas reflects mixing between a depleted and an enriched component, which are similar to those of Gurenko et al. (2009) but show internal heterogeneities in their parent/daughter element ratios and hence in their time-integrated isotope ratios. The two apparent flavours, or sub-domains, of the enriched HIMUlike component (Fig. 8) Pb) than for domain 1. Based on the data compilation of Stracke et al. (2003) this could be the case if the sub-component for domain 1 (Basal Complex and El Hierro samples) involved more recycled altered basalt, and less recycled gabbro, than that for domain 2 (subaerial La Palma samples), which is in agreement with the nature of the enriched La Palma and El Hierro components inferred by Day et al. (2010) . The preservation of two different enriched signatures at La Palma implies that the melts from the enriched sub-components do not mix to a large extent. This is possible if these components have a high melting point (see Stracke & Bourdon, 2009) , as is the case for a peridotite lithology as in the Gurenko et al. (2009) model and/or if the enriched sub-domains are spatially separated. We suggest that the two enriched sub-components occur in two spatially distinct compositional domains (Fig. 11) , with the depleted component being common to both domains. Variations in the isotopic composition of the depleted component may also be explained by internal heterogeneities, in particular if this component consisted of depleted pyroxenite representing young recycled ocean crust (Gurenko et al., 2009) . The isotopically depleted compositions from Bejenado appear to reflect an increased proportion of melt from a depleted pyroxenite, which may be located in the asthenosphere or in the lithosphere.
Volcanic-geochemical evolution of La Palma
The early submarine stage of La Palma involved construction of a seamount rising from c. 4000 m to 1800 m water depth. Neither the age nor magma compositions of the early seamount stage are known, but the magmas may resemble the Basal Complex isotopically (domain 1; Fig. 11a ). We propose that the ascent of the earliest melts through thick, cold lithosphere was accompanied by crystallization of amphibole-rich veins, which metasomatized the lithospheric mantle [stage 1 of Lundstrom et al. (2003) ] and lowered the Nb/U ratios of the melts. Extensive fractionation in the cold crust may have led to early lavas of trachytic composition, as observed at small seamounts in the northeastern Atlantic (Schmincke & Graf, 2000; Klü gel et al., 2011) or Polynesia (Devey et al., 2003) . The rocks exposed at present in La Palma's Basal Complex subsequently formed at depths less than 1800 m (Staudigel & Schmincke, 1984); their high Nb/U ratios (Fig. 4) suggest that they did not fractionate amphibole in the lithosphere.
The change from submarine to subaerial volcanism involved a considerable hiatus as well as tapping of a new zone in the mantle source (domain 2; Fig. 11b ). It appears likely that the change in the source and the volcanic hiatus are causally related; for example, if the domains were separated by a streak of less fusible asthenospheric material. Garafia (the oldest subaerial La Palma unit) and Lower Taburiente volcanoes erupted primitive alkalic to subalkalic basalts and trachybasalts characterized by higher MgO and SiO 2 , and lower incompatible element contents at a given SiO 2 , than most younger lavas. Their compositions can reflect a relatively large degree of peridotite melting, or a significant proportion of melt derived from a silicaexcess pyroxenite in the source [see Stracke & Bourdon (2009) and references therein]. The high (Nb,Ta)/U and Ba/Th ratios of the Garafia and Taburiente lavas suggest that assimilation of amphibole-rich veins in the previously metasomatized mantle was common, probably in response to long-term heating of the lithosphere beneath the northern La Palma shield [stage 2 of Lundstrom et al. (2003) ]. Magma compositions became more silica-undersaturated during the Taburiente period (Fig. 2) , possibly reflecting a decreasing degree of melting of the mantle source (see Carracedo et al., 2001) . However, this is difficult to reconcile with the essentially similar REE slopes and similar incompatible trace element patterns of Garafia, Upper Taburiente and Lower Taburiente lavas (Fig. 6) . Alternatively, the proportion of pyroxenite-derived silica-rich melt in the source could have decreased, or the bulk composition of pyroxenite in the source could have changed towards lower SiO 2 contents. Both scenarios imply some compositional heterogeneities in the deep mantle source, which are also suggested by the isotope data as discussed above.
During the Upper Taburiente stage, the eruption of differentiated lavas became more frequent . Most activity took place along the southward growing Cumbre Nueva rift zone (Fig. 11b) , which became increasingly unstable and collapsed around 560 ka . The collapse was followed by: (1) the short Bejenado phase of volcanism within the collapse scarp, during which lavas with distinct incompatible-element ratios and isotopic composition were erupted; (2) waning volcanic activity at Taburiente; (3) a general shift of activity to Cumbre Vieja in the south, also associated with a change in trace element and isotopic composition (Fig. 11c) . We argue that the succession of these major changes is not fortuitous but is a consequence of deep mantle processes and plate movement.
As is discussed above, the primitive Bejenado lavas appear to reflect both an increased contribution of an isotopically depleted pyroxenite and increased amphibole assimilation as compared with Taburiente (Fig. 9) . The relation between the Cumbre Nueva collapse and enhanced pyroxenite and amphibole melting is not clear, however. Although decompression after the collapse might have led to increased melting, model calculations suggest that this effect is rather small. Following a model by Manconi et al. (2009) , the collapse volume of 95 km 3 (Urgeles et al., 1999) to 200 km 3 would result in a decompression of << 0Á5 MPa in the asthenosphere, which would increase the melt fraction by <0Á03% [assuming a melt productivity of a maximum of 2% km -1 ; see Stracke & Bourdon (2009)] . Decompression in the lithospheric mantle would be higher but still low at <1 MPa. It may be possible, however, that the decompression caused slightly increased melting of amphibole in the lithospheric mantle or lower crust, which could explain the high Ba/Th and (Nb,Ta)/U but low La/Nb of primitive Bejenado lavas compared with Upper Taburiente (Fig. 10) . We thus propose that the Cumbre Nueva collapse mainly affected the magmatic plumbing system (see Longpré et al., 2009; Manconi et al., 2009 ) and enhanced assimilation of lithospheric amphibole and possibly pyroxenite, but not melt productivity within the asthenosphere (Fig. 11c) .
The migration of volcanic activity to Cumbre Vieja (Fig. 11d ) marks a significant change in the evolution of La Palma. Incompatible element contents and the slopes of REE patterns increased (probably indicating a lower degree of melting), (Nb,Ta)/U and Ba/Th ratios decreased, La/Nb increased, and radiogenic Pb contents decreased. The migration to Cumbre Vieja also led to comparatively low MgO contents of the most primitive lavas and frequent eruptions of intermediate and evolved lavas. This suggests that a complex magma plumbing system had developed, where ascending melts became trapped and mixed in a plexus of small magma pockets in the uppermost mantle Barker et al., 2015) , leading to a high degree of crystal fractionation. Furthermore, ascending melts appear not to have crystallized or assimilated significant amounts of amphibole in the deep lithospheric mantle, as expressed by Nb/U ¼ 47 6 10 for most primitive Cumbre Vieja samples (with exceptions in southernmost La Palma; Praegel & Holm, 2006; Barker et al., 2015) . With magmatism moving southwards to Cumbre Vieja, the melts ascended through a lithosphere that had become heated by the earlier magmatism, but apparently was not strongly metasomatized (Fig. 11d) . The occurrence of amphibole-and phlogopite-rich veins and patches in mantle xenoliths from Cumbre Vieja (Wulff-Pedersen et al., 1996 , 1999 does not contradict this scenario, because they reflect metasomatism in the vicinity of magma reservoirs (Klü gel, 1998 (Klü gel, , 2001 ).
CONCLUSIONS
Our data suggest that the temporal and spatial variations in the composition of La Palma lavas were largely caused by relative southward movement of the melt-producing region, in combination with a spatial zonation of the upwelling mantle source (Fig. 11) , as increasingly observed in hotspot tracks (e.g. Hoernle et al., 2000; Abouchami et al., 2005; Schwindrofska et al., 2016) . This was accompanied by limited compositional changes of the source components. Southward movement of the melting zone can explain the following: (1) the distinct isotopic compositions of the Basal Complex and the subsequent subaerial lavas; (2) the southward growth of Taburiente and consequent Cumbre Nueva collapse; (3) the cessation of activity in the northern shield; (4) the different incompatible element compositions at Cumbre Vieja compared with the older units. This scenario is supported by the NEdirected motion of the African plate (Gripp & Gordon, 2002; Geldmacher et al., 2005) , and by the lithological/ mineralogical and compositional zonation inferred for the upwelling mantle beneath the Canary Islands Hoernle & Schmincke, 1993b; Day et al., 2010; Gurenko et al., 2010) .
Considering the contemporaneous volcanic activity at El Hierro further south, the migration of La Palma volcanism in this direction is probably not fortuitous. Our isotope data suggest that the La Palma Basal Complex and the younger El Hierro lavas sampled the same compositional domain 1, which differs from domain 2 sampled by the subaerial La Palma lavas in having higher 143 (Fig. 8) . We propose that the source beneath La Palma at the time the Basal Complex was formed (domain 1) now lies beneath El Hierro as a result of northeastward plate motion (and possibly SW movement of the source material). As the plate moved to the NE, La Palma crossed a compositional boundary in the source and tapped domain 2, such that the subaerial lavas have a distinct isotopic composition compared with the Basal Complex and El Hierro lavas. This change in the source was accompanied by a volcanic hiatus (Fig. 11) . Our scenario provides a possible link between La Palma and El Hierro, and corroborates the complexity of their mantle sources, which involve two lithologically distinct components (see Day et al., 2009 Day et al., , 2010 Gurenko et al., 2009 Gurenko et al., , 2010 in two spatially distinct compositional domains (Fig. 11) . The data also show that long-lived isotopic heterogeneities in the upwelling mantle beneath the Western Canaries are preserved not only on an inter-island scale (50 km; Day et al., 2010) but also on an island scale (<10 km), reflecting relative movements between the lithosphere and asthenosphere.
